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UNITED STATES 
DEPARTMENT OF THE INTERIOR 

BUREAU OF RECLAMATION 

Design and Construction Division 
Engineering Laboratories Branch 
Denver, Colorado 
November 28, 1952 

Laboratory Report No~ '336 
Hydraulic Laboratory· 
Compiled by J. c~ Schuster 
Checked by J. W. · Ball 

Subj~ct: A study of the height and frequency of waves acting on the, tailrace 
slopes and riverbanks during the 1949 flood season at Grand 

· Coulee Dam--Columbia Basin Project 

PURPOSE 

By field and model tests, obtain· data for predicting the characteris­
tics of the .wave action in the river below Grand Coulee Dam at large floQds-­
the information to be used in determining the adequacy of proposed riprap 
protection to· the tailrace slopes, rive+ banks, and river channel. · 

CONCLUSIONS 

1. The .wave action generated by the spillway flow in the Columbia 
River immediately below Grand Coulee Dam, is irre.gular. The frequencies 
vary from 0. 6 to 1. 5 waves per second and the heights from 3 inches· to 
·7. 5 feet for flows in the neighborhood of 300, 000 cfs. 

2. Waves between 15 and 20 feet high can be expected along th'Eiriver 
banks below Grand Coulee Dam during a capacity flood of 1,000,000 cfs. 

3·. Much of the riprap material placed on .the tailrace slopes and river 
banks below the dam will be disturbed by wave action. Rocks up to 6 inches 
will be tossed together with logs and other debris into windrows along the 
shore. There will be considerable readjustment of larger material partic­
ularly where the slopes are steep or piles of the materi~l e;xist. Much of 
this readjustment will take place as a result of the smaller material being 
washed from between and beneath the larger, causing the latter to roll down. 
the slopes. This action was observed, as well as recorded by survey 

. The records are sh3wn as Figures 11, 12, 13, 14 and_ 15·of. this repo_rt. 

4. Approximate wave heights and frequencies such as those occurring 
at Grarid ·Coulee Dam during flood periods can be recorded satisfactorily by . 
means of staff gages and a motion picture camera . 

. 5. The nature and appearance of the wave action on the 1 to 60 model 
is not· similar to that on the prototype at flows cor:i;-esponding to less than 
approximately 350,000 cfs. The spillway flow on the model does not plunge 
through the water in the bucket to form a roll over the bucket lip as on the 
prototype in _this capacity range. 
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6. The nature and appearance of- the wave: action at higher flows on the 
model are similar to those . .for the pl"o,totype·,, put ~easu:r~meJitS indicate 
the model wave heights to be, re,l~ti:v,~ly·_$ma:lier- a_t :representative discharges. 

7. The relationship between wave height and discharge was linear for 
th~. model an,d_ data ind:i,cated it should be the. sa~e for. ~J:ie -proto~yp~,- eve~ 
· though the air entrainm. ent and viscosity are not -to. s_cal~ .. . TQ~ wave. h~ighi 
of 15 to 20 feet $'iven in (2) above is based on this linear r~lationship. . ·· . 

8. A general reduction in velocities in the river channel below the 
dam ·will result_ from the re sloping of the taUrac~ -slope~ -~nd river ba~ks, 
and the reshap_ing of. the river c.h~nn.E;'l,. _ The currents _adja~ent to the banks 
should be less severe, and this, tog.ethe~ with.t~e.ila:tter slop~_s, should 
provide a more stable riprap st,1rface. 

ACKNOWLEDGMENT 

_ _ .. The )Vqr;k ~overed · by th:ts r~port wa,s performed at the. project 
during the months of ,May and ,Jul\e 1949, unde:r;- the direction of.Jam-es · 
W. Ball and :p ~-- ~- Lancaster of. the· Denver Hy~:i;-aulic. L-1)oratct>n, .who 
wish to acknowledge the able assistance of project personnel in the suc­
cessful accomplishment of this assignment. 

INTRODUCTION. 

·Background Infor;mation 

In the early construction plans {1935) o~ly the exc~vated slopes 
of the powerhouse tailraces below Grand Coulee Dam -were to receive a 
protective armor of riprap. That this protection would not be adequate_,to 
prevent severe damage to the tailrace slopes and riverbanks during large 
floods w_as indic·ated by tests on a 1: 120 scale mod.el representing the con­
struction stage in.which the flood.waters were diverted through the west 
cofferdam area. The testing was continued in 1936, and in view of the . 
results .and .the abundanc.e of r_ock available on the pr9ject during ,con­
struction, the thickness and extent of the riprapped sq.rface~. :were in-· 
creased· ov·er that testeq·· i,n t~e model., Operation of the: spillway and ex­
perience. with ~!ides in. the riverbanks ·below th.e full-sized structure, i~ 
a few seasons previous to 1944,· se:rved to e.mphasize the importance of 
providi:!}g adequate protection in tli~se areas •. As many p.e:rtin~nt modei. 
tests as time would allow were inade in 1944 on the 1 to 60 model at the 
project. ;Ii'rqm the t.est program .it app_ea:r.~d .that sic;>.pes of 6 to l :~vould.­
be required. in areas attacked s~:vereiy by waves and that the .slopes could 
be steepened in areas where th~ siz'e .of the ~av~~- decreased'. . . . 

The problem of. ~esloping and protecting the riv~rbanks was a.g_ain . 
explored by tests on. the· l to 60 mo«;iel during. the p~rio·d May to August of 
1945, as a continuation of the workqqne-iti 194-4 and reported in Hydraulic . 
Laboratory Report 174.. Using the results of the ,two. s:tudies. as .. a guide · 
and resloping the taHrace surfaces ·and riverbanks of:!h~ mqdel to form 
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a' gradual transition from the tailrace~ to the natural riverbanks a short 
distance upstream of the highway brid·ge. a satisfactory trea-tment ·was 
evolved~, giving 'a minimum of movement along the-banks. At this time •. a 
comparison of wave heights from the model and prototype disclosed that· · 
the waves were mo:t·e severe at· small discharges in the·prototype than 
was indicated ·bytlie. model; and it was believ·ed that a better corr.elation of 
data:would result at higher corresponding discharges .. 

In the intervening period from' August of 1945, until the latter part 
of 1948. some resloping of the riverbanks was carried out. but no infor­
mation of particular value concerning the size of the riprap stone required 
for waves of. different heights was obtained.: ·Con·siderable damage to the 
slopes occurred during the flood of 1948 wheri riprap was ':removed from 
some of the vulnerable areas adjacent to both· tailraces~ The greatest . 
damage occurred on the left side of the river where the slopes were steepest 
and where areas of the underlying clay surfaces became: exposed. In Jan­
uary of 19·49~ a board.of consultants made a field examination and review of 
pos·sible river channel improvements immediat·ely downstream from .Grand 
Coulee Dam~ · In this connection, motion. pictures of the behavior of the 
waves generated in the tailrace and channel areas during the· 1948 flood · 
were ·shown; they were especially valuable in weighing the evidence of 
damage to the cha,nnel slopes and in judging the extent and characte~ of 
additional bank protection which should be supplied. · During this conf-er­
ence, the hope was expressed that arrangements would be made during 
future flood flows to secure motion pictures of the spillway bucket and ~he 
waves in the adjacent downstream portions of· the river _channel in even 
greater detail than was accomplished· in 1948.: · 

A memorandum fro~ J. J. Hammond to the Chief· Designing Eii­
gineer. dated April 13. 1949, subject "Wave height for determination of 
riprap rock sizes..--Channel Improvement--Grarid, Coulee Pam" recom-. 

· mended that data be obtained on the wave action in the tailrace and along 
the river channel during the flood season of 1949. In conjunction with 
these ·measurements. tests at corresponding discharges were tohe made 
on the 1 :60· scale model for correlation. This plan was subsequently ap­
proved~ and Messrs. Ball and Lancaster of the Hydraulic Laboratory 
carried out the program of obtaining information concerning wave heights 
in the Grand Coulee Dam tail bay during the period May _4 to June 1 7 of 
1949. 

Test Facilities for Prototype 

The height of waves acting on the riverbanks downstream of Grand 
Coulee Dam were obtained· by photographing painted staff gages with a 16-
mm motion picture camera during the flood .. season. The'locations of the 
camera: and gages are marked on a plan view of the Grand Coulee Dam 
tailb:ay(.:figure 1:) .. ·Staff gages No. 1, 2,, and 3, for both right and left 
riverbanks (Figures 2A and B). were marked with a white band ·at 6-inch 
intervals on 6-inch standard pipe. - Sections of 10-inch-diameter pipe 4 
feet !orig were embedded in the riverbanks; within which. lengths of 6;..inch 
pipe wei;-e _placed and concreted. The 6-inch Staffs :we're -installed so 
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that the highest o.n the left \?ank was identified by a single ~irc_ular. mark,- the 
intermediate by t_wo circular marks, and: the lowest by thr~e.. c-ir~µlar marks. 

· The right ba.nk had a .slmllar:identification system,. exc;:ept-t~t!-tri~ngular 
marks were us_ed for identiffoa.Hon •. _. Staff Gages No,~ 41\ and_. 4L we~e painted 
on the faces of the powerhouses in.the, bays of U~its 5R an~-.f>L,, :and .extended 
from elev~tion 960 to. 9.90 (F.igure _3A) .. The gagf!S:W"'-~~- m,.,_r1:ted .. w,i\;h.· WJlite . 
lines 6 inches wide at 6:-i~cb intervals. A·:staff gage was paµited ori the 7-
1/2..;fo.ot diam.Etter No~ 1 access shaft of the bucket caisson in the drydock . 
(Figure 3B)~ T.his staff. started. at.~levation 960, an_d ~x~ende4 ~o. 995 and al,so 
was marked )Vith white ·lines 6 inches w.ide at-6.:5nch inter.v~.l~. · · .. · ·, 

To ob~ain wave heights at positions ·1, ~;, 3~-- .an<;l :_ •. (F~gure 1), )be 
pile hammer .suspended from the big~ :line was painted. on thr:~~ .s~~~s (Fig­
ures 4A and B). .The markings on this .staff were 12-inch wll,ite .. ban~s 1at · 
1-f oot interyals. . · · · · 

.As a further aid in recording )Vave· hej.ght,. pressure c::ell~ :were . 
mounted a,t the base~ of Staff Gages 2R and .2L. These. cells were -not .us~d · 
because the ·anticipafed flood p.eak for this season did not·materialize, _th:u:s. -
leaving the maximum water surface in the tail bay_ below that at whic.h th~ 
cells were placed. One additional pressure, cell was mou~ted at the:. bottom 
of the pile hammer which w·as lowered into ~he river to record pressure . 
variation below the water surface caus.ed .by the passing of waves at the sur- · 
face. For recording s·urface variations with.the camera. a rope staf~ w•s 
stretched between the:cell alld a point on the h-ighline cable car. Flags 
were tied to this rope,. r.ed at intervals of- 5 feet and_ ~bite at intervals of 
1 foot.· The lowest red flag on the rope "!Vas 15 feet from the_pressure cell, 
and the top red flag was 35 feet from the pressure cell. . Two white flags 
(1-foot spacing) were placed above the top red flag .. 

Test Facilities for 1:60 Modei 

Wave measurement. The· 1 :60 model of Grand Coulee Dam con..,.. 
structe_c;l and maintained near the site·of the dam was placed in operation to 
obtain .model wave .data corresponding to· that for prototype discharges. · 
Because of the size of the model. instz:-umentation for obtaining wave action 
and height was differen_t than that used in. the pr~totype. 

An electrical wave measuring system was used in the model. A 
schematic diagram of the electrical circuit used in this device ·appears in 

. Figure 5G. ·Two electrodes consisting of pairs of stainless-:-steel rod were 
· used in this equipment, one pair for balancing the electrical bridges in still 

water and the secorid for the actual wave measurement. -To reference the 
device with the average water surface • ."Elect:rade .B was completely im­
mersed in still water, Electrode A was immersed to the midpoint of the 
pair of steel,rods and the bridge c_ircuit ba!~nced .to give a zer.o deflection 
on t_he galvanometer. The fluctu;,tting water sur~ace due to wave action 
varied the immersion of Electrode A a~d unbalanced_ the circuit in the 
direction of water. movement. The amount Qf deflection of the galvanometer 
was directly proportional to the amplitude_. of- surface displacement. The 
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equipment .permitted· either a visual observation of the wav·e action on a screen 
· in the form of a light trace from the galvanometer or a recording of the wave 
action on photographic paper iri an ?scillograph. 

Velocity measurement. Water flow direction and_ velocity was ob­
tained on the model for two tail bay topography plans, (1) present and (2)- ulti­
mate, using pape:r confetti, a stop watch, arid a scale. 

Test Procedure and Tabulation of Data 

Prototype.·_ Wave action and height on the various staff gages in the 
tail bay of the prototype structure were recorded for river flows of 266, 000, 
313,000, and 346,000 cfs. This was accomplished by taking 16-mm motion 
pictures at 16 frames per second of the staff .gages from previously estab­
lished camera stations. Data obtained were made directly usable by view­
ing each frame of the film in a. microfilm reader, and tabulating per frame 
the water surface variation on each staff gage. These tabulated records 
were the m.eans of obtaining the length of time of staff gage observations, the 
magnitude of the water· surface fluctuation, and the average water surface 
by avera~ing the tab\llated values. . 

In_ the use of the pressure cell mounted on the pile hammer. the 
pressure variation transmitted by the cell was recorded on 'photographic 
paper in the oscillograph. Moving pictures in color were utilized in photo­
graphing the water surface, and its action upon the rope staff placed above 
the pile hammer. Camera and oscillograph were started simultaneously 
for correlating surface fluctuation with -pressure cell variation. Pressure 
and surface variations were recorded for two cell depths, 14. 45 and 29. 60 
feet below the surface. The color moving pictures were viewed and tabulated 
records made of the surface variation . 

. · .1:60 model.· Wave action in the model was recorded· for correspond­
ing stations of _the prototype·as shown-in Figure 1. · The data for the model· 
were qbtained for discharges representing 400,, 000, 450,000, 500,000, and 
750,000 cfs., .i11 addition to those taken .on the prototype. These ·data were 
recorded: graphically by the oscillograph, acting through the electrical wave 
measuring devi~e. The. wate.r surface fluctuations of the model were obtained 
from the records by the use of suitable constants taken from the electrical 
circuit. 

. . . 
. To measure the direction aind .. ve.locity of water flow, paper confetti 

was dropped on the water surface. The direction of the flow was noted~ and 
the velocity of the paper confetti was determined by using a stop watch to time 
the paper during its travel between two arbitrarily s_ele~ted points. · 

RESULTS OF WA VE STUDIES · 
. :,, 

Water Surface :Fluctuation Prototype 

For comparison of the maximum water surf ace fluctuation in both 
the model ~nd p;roto:type; the, tabulateq values taken from the motion pic~ure 

5 

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng



film and the oscillograph records were utilized. The tabulated water surface 
elevations were used in the following way: 

LOWEST STAFF RIGHT SIDE-lR 

Discharge 266,000 c;fs 

Water surface elevation 

966.50 
7.50 

967.50 
7.00 
7.00 
6.50 
6.50 

; ·6. 00 
6.00 
6.00 
5.50 
5.50 
5.50 
5.00 
4.50 
4.50 
4.50 
5.00 
5.00 

3. 0 foot 
fluctuation 

0. 5 foot 

5.00 
4.50 
4.50 
4.50 
4.50 
4.50 2.0foot 
4. 50 fluctuation 
4.00 
4.00 
4.00 
4.00 
4.00 
3.00 
3.00 
3. oo· 
3.00 
3.50 
3.50 
4.00, 2.0foot 
4. 50 flucratfon 
4.50 
5.00 
4.50 
4.50 

Water surface fluctuations were recorded as the number of feet 
elevation change between troughs and peaks, as indicated in Figure 5F. 
To ,establish a percentage for the occurrence of the various sizes of the 
waves, the total number of each size in increments of 0. 25 foot was com­
paned to the total number of fluctuations indicated by the tabulation. These 
percentages were plotted against the amplitude of fluctuation in feet for 
eaoh staff gage and discharges of 266, 000, 313, 000, · and 346, 000 cfs. 
Points plotted in the above charts were connected by straight lines, be­
cause no general curve seemed to average all of the points. (Figure 5). 
These data may be used for estimating the number of waves of each size 
to loe expected at each of the five gaging positions in the tail bay for these 
river flows. 

Model and Prototype Conformity 

Viscous resistance· while negligible for waves longer than a few 
feet, becomes increasingly important for shorter waves, according to 
studies cited by _J. W. Johnson in "Scale Effects in H;ydraulic Models In­
volving Wave Motion", 1. Height reduction due to internal friction becomes 

1 Transactions, American Geophysical Union Volume 30 Number 4. 
Au ust 1949. · 
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significant for wave periods considerably less than- 1 · second as it also does 
for wave lengths shorte:r·-tba:n'l'fbot. Wave perfods·in the)riodel wereles·s 
than 1 second, varying to-' as low1·1aS!-approximately,O. 2 se:eorid. ·.-The periods 
of the major prototype waves were greater than 1 second. Model wave · 
lengths· co.uid riot, bei obta1iled from the oscillogram s and,· ti.ctr-definite. obser­
vations were :madt! of the prototype lengths although . ..they/lW~r·e: estimated 
from 20 to 1oo·feet. . 

. Wave types in the model.and prototype were .similar. That is·in 
deeper water prototype and model, the wave· h'eight (-2 tbn;es -the alhplitudef . 
was less than .the depth; and in shallow ,water (th~t on ·,t~e rlp.rapp.ed .·sldpes)­
the: wave height was gre·ater than·the depth. An ·oseillatory-;wave .occurs in 
the first instance and a breaking wave in the second. Model waves broke 
upon the shore but they evidenced practically h'()n~ of ·the p:rotQtype. v·iolenqe. 
Dynamic pressures of the prototype wave acting upon the slopes or walls . 
for the waves which break., may result in peak .pr~ssures 10 times· the 
maximum dynamic pressure Pv2. of the approaching wave· according to 

G. H. Kenle-gan,. "Wave ·Motio~·,2• Model ji.nd, p;ototype waves ·were ap~-
parently .·som·ewhat dissimilar in this .respect-.-· · · 

A comparison of the height similitude of the wave action in the 
Grand Coulee tail bay with that in the model was based on an average 
fluctuation value (Figure 6A). Average value·s were used in the siinilitude 
rat~o to minimize the effect of a maxitnulil-v.ia1ue that occur.red in tests on 
either the _m~del or the pro:totype. Th~ .. lpaxi~u~ ~atio of. the .. avera~~---.. · _. 
prototype to model fluctuation-was 8.·6 to.lat the r_1ght. ba,nk and the mm1-· 
mum 1. 8 to 1 at the cais.son accei:as shaft in:the.1949 .range:of prototype 
discharge. Comparisons based on ·the maximum fluctuation value~ ~t the, 
five measuring stations have ratio's that varied from a maximum of' ·5 .. ,·4 · 
to a minimum of 2. 5 for the 1949 flood (Figure·· 6B .. to 16F). A ratio~·o:t'. · ·· . 
1. 4 to 1 occurred at the caisson access shaft station.for the 1948 flob.d of 
5'70, OOO·cfs. Available data -were insufficient for Stations lL, · 1R. 4L 
and 4R to determine a curve which would indicate the ratio of model t6 
pvototype fluctuation. 

Extrapolation of·the model data for .. Station. lR to a maximum .de­
sign discharge of 1, 000~ 000 cfs ·results· in. a·-maxinmm water surface fluc­
tuation of 12 feet. If. as indicated by data of Station- 5R, the prototype 
fluctuation increases. linearly w:rth· discharge.· a prototype fluctuation of 
approximately 20· feet wo:uld be. possible in the :vicinity -of lR. Extrapola­
tion of the data at Stations 1L,/4L. 4R. and ?Ron the same. premise, 
results in a maximum water fluctuation of approximately 21 feet. 

There is photographic evidence of a flow pattern change in the 
vicinity-of the roller, bucket for model ·discharges representing 266, 000, 
346,000, and- 500 • .000 cfs. and :a-prc;>totype· discha,rge of 570. 000 cfs (Fig­
ure 7 and 8). A ·rolle_r of water:is·visible immedi:ately downstream of·. 
the bucket at a discharge on tbe .. ,.m.c;,del rep.resenting: 5·00, 000 cfs. This 
roller is also visible but of less magnitude at discharges representing 
266,000 and 346, 000 cfs. The prototype has a definite- roller at a dis­
charge of 570 •. 000 cfs and at.allpischarges.inexcess tif·about.100, 000. cfs. 

~/ Engineering Hydraulics. Edited by_Rouse. 
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I 

rhe· qulantity of air insulfiat~d-:by the w.ater in the IX}odel .. z1ioller bu~et is· r~la­
tively)smaller "than that of the prototype and· does: not;_remain-.mb;ed,fot a·cpm­
parablt distanqe downs.tream., The air quantity.does increase with-4-ischarige. 

' . 

The changes in flow conditions may be indicated by the.-decreasing 
values, of the average prototype to model fluctuation. but the· limited range 
of pro~otype discharge prohibited a definite conclusion (Figure 6A). The 

· decre~sing model to prototype ratio would indicate that scale· effect de­
creas~s as the discharge increaE?es although again limited discharge pro­
hibite4·a definite conclusion (Figure 6B). It was concluded from the data 
that fl1!lctuations on the banks in the ·vicinity of the staff gages were likely 
to be ih the order of ·15 to 20 feet for the design discharge of l, 000. 000 cfs. · 

Frequency of Surface Fluctuatic:>n 

To determine the frequency of water -surface variation at the five 
measuiring stations. the total time of camera operation .at 16 fra;mes per 
seconq was obtained for each tabulation. The total number of fluctuations. 
0. 25 fpot or greater. also,obtain~d from ·the tabulations. was then divided 
by 11he_tbtal time to give the number of fluctuations per second. The results 
are sltown in Table I. 

' 

Rivi flow· 
fs · · }lR 
i 

266i, 080 1. 4 .. 
313j, 000 .. 0.7 
3461. 000 * 

*No record 

Table l 

MEASURING STATION 

.tt·1uctuat1ons/ secona 
·4ll 5R lL 

*· -1.5 "* o. 8. 0. 9 .. 1.0 
1.3 1.0 1.0 

4L· .. 
; 

* 
0.7 
0.6 

Table I may be used with the charts of Figure 5 to determine for 

' 

a given length of time· approximately how many fluctuations of a given mag·-. 
nitud~ may be expected. For example. at Station lR, river flow of 313, 000_ 
cf_s for a period of 1 hour. from .Table I. there would be 2, 520 fluctuations 
during the hou:r. If. the fluctuation in question was of a magnitude of 4 feet, 

·then from Figure 5A, for 313,000 cfs. 11 percent, or approximately 270 
fluctuations· at lR would be 4 'feet in height. 

Meas1:1rement by PUe Hammer 
I 

The measurement of ·water surface fluctuation at Stations 1, ·2. 3, 
and 4~by means. of the staff painted on the· pile hammer, was unsuccessful._ 
Fore s exerted by waves and water velocity moved the pile hammer fo such 
an ex ent. that the reading of the staff was practically impossible. 
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Pressure Cell on Pile Hammer 

No conclusion resulted from the meager and inconsistent information 
obtained from the pressures registered by the cell mounted on the.pile ham­
mer and their relation to the height of the water surface fluctuations. 

· Surface Velocity~ ·Tail Ba.:---t:60 Model 

Water surface velocities along the tail bay rb:erbanks in the 1: 60 
model were obtained for river flows representing 266, 000, 500, 000, and 
750, 000 cfs. These discharges were used for both the present and ulti­
mate topography plans with the resulting velocities shown in Figures 9 
and 10:. The maximum prototype velocity in the tail bay indicated by 
:these data was 7. 7 feet per second at a discharge of 750, 000 cfs. This 
velocity occurred for both topography plans on the riverbank immedi­
ately downstream of the left powerhouse and near Station B, 0+00 on 
both riverbanks for the present plan. With the flattened slopes in the 
ultin;late topography plan, the increase in cross-sectional areas will 
result in~ general reduction in the velocities throughout the tail bay. 

Movement of Riprap 

Groups of rocks at various stations on both sides of the tailrace 
banks were located by survey and marked before high water of May 1949. 
Individual rocks of the· groups varied ~n shape and weight and were chosen 
at random tC? represent a general gradation of riprap in the area (Figure 
11, 12, 13, and 14).. After the flood season, a re-survey noted the·:move- , 
rnent of the rocks that remained (Figure 15). Many of the rocks and 
some groups were not recovered because of readjustments of the riprap 
cover. Those rocks moved and recovered after the flood indicate.the 
extent of readjustment. 
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A. Staff gages lR and 2R on right bank of Grand Coulee 
Dam tailbay - River Flow 313,000 cfs 

B. Staff gage lL on left bank of Grand Coulee Dam tailbay 
River Flow 215,000 cfs 

Wave Action at Staff Gages 
Wave Studies - Grand Coulee Dam. 

Figure 2 
Report Hyd 336 
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A. Right powerhouse staff gage 4R - River Flow 175,000 cfs 

B. Staff gage on Number 1 access tower of the bucket 
caisson - River Flow 313,000 cfs 

Wave Action at Right Powerhouse and Cassion Staff Gages 
Wave Studies - Grand Coulee Dam 

Figure 3 
Report Hyd 336 

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng



A. 10-ton pile driver hammer staff gage in operation 
River Flow 313,000 cfs 

B. Movement of pile hammer by forces exerted by waves 
and water velocity - River Flow 346,000 cfs 

Wave Action in River at Pile Hammer Gage Stations 
Wave Studies - Grand Coulee Dam 

Figure 4 
Report Hyd 336 

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng



143 

.... ., ., 
t 7 
z 
0 
;:: . 
" ~ 
() 5 
::, 
.J 
IL 
., 4 
() 

rt 
"' . ::, ., 
"' ., ... 
" " 

2 

I 

... e ., ., 
~ 7 
z 
0 
;:: . 
" ::, ... 
.. 5 
::, 
.J 
IL 
., 4 .. : 
"' . ::, ., 
ffi 2 ... 
" " 

... ., ., ... 
I 
z 
0 

I-

" ::, 
1-.. 
::, 
.J 
IL ., .. 
rt 
"' ::, ., 
"' ., 
I-

" " 

I 

• 

7 

• 
5 

4 

• 
2 

I 

oo 

a::" 
"' ,, 

1 
L 

Iv 

t 

' .... 
.t:. 

2 

I 

I 

I 
I 

:::_ ..... ,1 
-·Q = 313,000 cfs.--. 

Camero station '!in powerhouse 

J;,r ... __ 
11' >--

~ 

K,.. ~ 1,--·o=266,000 els. 

"- I I I 

.,,-- -_..; IS. O =313,000 els,•• .,.. __ 
"-- --Camero station on "river bank 

10 20 30 40 

PERCENT OF TOTAL NO. OF FLUCTUATIONS 
A. LOWEST STA FF GAGE RIGHT SIDE-IR 

O= 313,000 cfs. 

l 0=266 OOOcls.-, 
-;--...._ _J_ -

~ -.., T 
I -t-- -t'- '.~346,000 els. 

- I I 
10 20 30 40 

PERCENT OF TOTAL NO. OF FLUCTUATIONS 
C. RIGHT POWERHOUSE 4R 

r--- , - 313,000 cfs. ,__ 
' -

~ ~ , -0=266,000 cfs, 

50 

50 

9 

... 8 ., ., 
IL 

! 
0 
;:: 8 

" ::, 
I­
C) 
::, 
.J 
IL 

5 

., 4 
() 

rt 
"' s 
iii 
ffi 2 
I-

" " 

1-

I 

oo 

., 7 ., 
IL 
I 
z • 
0 
I-

" ::, 
l­
o 
:3 4 
IL ., 
i 3 

"' iii 2 

" ., 
I-

" " 
I 

FIGURE 5 
REPORT HYD.336 
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FIGURE 6 
REPORT HYO. 336 
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A. 1:60 Model of Grand Couiee Dam operating at a, 
discharge representing 266, 000 cfs 

B. 1:60 Model of Grand Coulee Dam operating ;1.t a 
discharge representing 346,000 cfs 

Figure 7 
Report Hyd 336 

Model - Conditions for Discharges Representing 266,000 and 346,000 cfs 
Wave Studies - Grand Coulee Dam 
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A. 1:60 Model of Grand Coulee Dam operating at a 
discharge representing 500,000 second feet 

B. Grand Coulee Dam operating at a discharge of 
570, 000 second feet 

Figure 8 
_Report Hyd 336 

Flow Conditions for Model Operating at Flow Representing 500, 000 cfs and for 
· Prototype with 570,000 cfs 

Wave Studies - Grand Coulee Dam _;:: 
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A. Marked Riprap, group "A", Station A34+55. 33, B12+59. 05 

B. Marked Riprap, group "C", Station A32+73. 84, Bll+06. 63 

Figure 11 
Report Hyd 336 

Original Rock Positions - Marked Riprap Groups A and C on Right or East River Bank 
Wave Studies - Grand Coulee Dam 
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A. Marked Riprap group "D 11 , Station A32+35. 28, B9+96. 73 

B. Marked Riprap ,!roup "G", Station A33+81. 42, B4+17. 37 

Figure 12 
Report Hyd 336 

Original Rock Positions - Marked Riprap Groups D and G on Right or East River Bank 
Wave Studies - Grand Coulee Dam · 
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A. Marked Riprap, group "N", Station A12+79. 8, B12+19. 1 

B. Marked Riprap, gro1:1p 11D 11 , Station A14+34, B11+40 

Figure 13 
Report Hyd 336 

Original Rock Positions - Marked Riprap Groups N and D on Left or West River Bank 
Wave Studies - Grand Coulee Dam 
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A. Marked Riprap, group "D", Station A14+34, B11+40 

B. Marked Riprap group "Y", Station A15+06. 4, B10+68. 6 

Figure 14 
Report Hyd 336 

Original Rock Position - Marked Riprap Groups D and Yon Left or West River Bank 
Wave Studies - Grand Coulee Dam 
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NO.[ SIZE ORIGINAL LOCATION RE-£URVEY LOCATION 
A_ ~ EL A B fL 

CHANGE IN~ 
POSITION \~LE°v 

13·xo7'~o.s· _ F.==t=".=i __ J~or_Fou•o J J 
1, I t4'xo.9'xoe· I 9+259·M+o23t9~9+2s4~·95?5_1sJ~4?~~-

U'Xl.3'X04' 9·r256 14-t-036 

4 ~a.a 9+24.2 __ 14tt)29._ 

13·x 1.s·xo.9' 9+20.9 14+~9 970:0 ~0~9FO'L59'W=l.4tIT_, 

1.9·x2.a·xo.s· 1 9+21~ I •3+98.4 191~~1-~~99-9j-~-~~tlst?~rE1~-1:22:·~ 

/ , j 2.6'X1.e'xo.F1=9t-23.7-114+0~-~~g__i9_~-~~:9 ~fI.4~~J-t9~!~~9 .... Q~-~~E.Q~-
>---+--------t---~--+- - -
f--1-------+------ --

GROUP "A" 

NO.[ SIZ~ OR~GINAL ~OCATIO:L. RE~SURVEY B LOCAT~OLN ~;~~l~~N r;:r: 
ttJ~s_:_x"I_tx~~j ,·1+-~-5~9· j 121'_9~~n:t3.8 111+359 · t 12+98.3 973.B 1Ni~(?~~ Cffl O_~ 

~2!_~-~-- 9.70.7 .ll.+3~J-_ 1ii:_~7~- 9709 S30!!.58'E-07'to2• 

+.-'-'-'...'..'."-j..l:.:C3.:.+0,-,2c_:G'--i-~~~-9_ 1!+38.1 12-t-99.3 9703 N48'-~°!:~~ ~!_ 

13+068 9697 11+·2so 13t059 97Q3- Ne2t.03W,,.71- +W 
- -- ----- -

1::1~~ 
L__L_ 

13~00.2 I 970 6 11+367 

13+006 19704 11 t-320 

5-~9.
0-~?'_!' __ ~-3:4•1

1

-~0 ~' 

564£14'W:::c90' -1 4' 

-------

13t044 

G) 

i 
/ C 

,er.i' 

MOVEMENT OF ROCKS 
IN .RIVER STUDY 

EAST BANK 

,~ ~~~'tfo~: -- OR:r~r~ -_ ! R~t.A-, 

:-~l&.~tM~f-~~_£1~~t;~~l~~~~j
1 6 I l9'Xll'Xl3' 970.6 LOST 

7 39,.x2.6·x--? - - ~-- - 9695 -·- .. -~~life,.,-;:----

·t/i {i !n :, i~o· 

( ,' -,/i ~) '. 

--i'"'' ('5_~. 6'/~i ··. ® .· ,,""· 0-~· ~ -~"' . \..."..,\ 7 ·1 

~ 
B 11 t-06.63 

,!&'/ 
.. , .... ,/ i 

I 
® ' 

NO. i SIZE 

N ~~:~_2: 
15'x16'"£1-6' 

~6'XIA' 

\ 

l 
~ 
~ 
', 
I 

~-
\ 
I 

G) 

MOVEMENT OF ROCKS 
IN RIVER STUDY 

WEST BANK 

GROUP "N" 

ORIGINAL LOCATION RE-SURVEY LOCATION 
A I B_ EL. __,A,.._+__,,B_+_,,E,,L-+...:....:=="--1-"'""-

l~J?~ _8 l!.:!:.!._9_:! __ ~.!_2_2 ~~t-_!_9 ~- ~!~~- 9~2..:.1 ~-4!jW=O tf-U.I. 

1·2+02.3 121'-186., 9819 · i"2+81 ·4· 121-182-- 9el.01N-64i2B·W~I~~1' 

~ 12+174 902.8 12+7B.6 12+17.4 902.8_-¥~~Q_Q'_ 

)_-- C_4~~·~96' 12+s9 __ 3 12+_1~_2 9834 !2+80.4 12_!~~-~ ~~4 ·~~-C~AN6E__ O_Q' 

-4- I 6'X2.1'X 1.5' 12+846 1"itl3:s- 9841 12-t-86-5 ·12+10 4 902.4 s22:io4'W=5:0' -1.7· 

~-5 _I e'x1.7'X0.5' L2~i~_l - l-?"(:.15.1 9~2.T_ 12_~~~ ~~+_!I'?_ ~~-9 SJ~"16'':,¥,;2.o· --9-2'. 
!? 1§.iC_~'_XQ~· 1~+~5:~ ~~~(~_o- 9ei.6 (2+ef_~ -1g_+18.5-- 98i:~ S~~~-?_i~fe_'-_9.1' 

7 I l.l'Xl.4'X0.4' \2+°ii7.9--r 12+11 g· -1 982.7 r 1fe_=i-B9.o-p-2-t-(~-~ T9014' T531i:5j'E=2 o']-1 3' 

--9 fi7Xi.3'X6.3-, ! 12+89,1 ··t 1i+11.o f 90·2 a! M1Ss!Ns 

9 T 2-_4'X3.4'x2.o' r l_~+-~3 2 l 1?.+1~ ~ - t ~~~ ii~+~)_ -_F?!"~..:.5 _ l~~-~ Ls_2!5'-34'E-::3.2'.J-o.f 

UPPER STAFF GAUGE 
Original location A 13+48 4 8 11-t-774 El 998 1 ( top of gouge) 

Present location - no change 

MIDDLE STAFF GAUGE 
Ong1nal location A 13+881 8 11-t-728 El 988.2 ( top of gouge) 

Present location - no change 

LOWER STAFF GAUGE 
Orig1nol locofion A14+301 811+846 El 9785(topofgauge) 

Present location - no change 

NO. 

MOVEMENT OF ROCKS 
IN RIVER STUDY 

EAST BANK 

~ SIZE ·ORIG. EL RECOV EL. REMA_~~~-1 

1 

o : 2o·x1s'x21· 1 9749 I 9749 
1 ; 2o·x2o·x1s· 1 9750 9750 

f 2 i 16'x21'xo.e' : 9751 9738 
I 3 ] 16'X19'X05' I 9740 9743 

t; -··l _24'.Xl6_'~09' I 973.2 9732 
l_i_~·~-~3~~6_· _ 973 6 973 4 --·----

'? 
0 

' • 270..30• z A 32 t- 35 28 i~:~rl B 9 +96 73 
eoa...,o·\ . -~\ · 4.tn-~ . ,..,.~ftY M°" ;-:1!) s2°-30· 

V 15°-00· 
500..00· 

5I00-02' , . ~£Yi ORIGINAL CENTER DF "0" 

®-~-''...r. I POSITION RECOVERED 

ORIGINAL POSITION 
\ -. J11.o, 

44°-2e' && '- ' - ~ (j) 
X" y' - "&o0 -z15· 

__ if!t 't-f2;; 

NO.[ SIZ!; 

E i 65'X3s'X20' 
I -I o·x I O'X0.3' tt .-!_t?~~ o_tx(;i.5' --
3 13'x 12'x11· 

25·Xl.6'x--11·,~ 
15'X 1-1, X 14' 

,. 
~ 

ORIG. EL. 
976.6 
9)~_f_ 
97_!~;0 

. 9_?~-~- -
974.3 
973-9 

~ 320-00-,._~L 

690.:":~-. =~~:::: 
0 -i ¼:_ - - ~ ' 30°-00' 

c:;_· . · /A32+30•9 
S 9+08.52 

ORIGINAL POSITION 

RECOV. EL. [RfMARKS 
976.7 

-~?_I_ 

I 
•I 

_ :Lo5T­

~~!. 

LOST 
i.osr 

'gj 

~ 
00°-20~~ 

-~~r~ Ci_ f ___;/ '°""O' REOOVEREO 

- ORIGINAL POS1710N 

MOVEMENT OF ROCKS 
IN RIVER STUDY 

WEST BANK 

GROUP "D" 

SIZE 
ORIGINAL 

-A--

! __ l iS~~-2 5'x~-6'. T 1~+76 2_ 

~--r:_;_~-~_x_,_~:---1 _::-_: __ -_~:._·_ 

LOCATION I RE-SURVEY LOCATfON_ l CHANGE IN ~ 
B ! EL. A ! B I EL POSITION !ELEV 

11+65.2 f9i1 5 f 1:,+792111-t-990 \ 9ios fs? 0 -01·~="~1ctJ:Oi· 

4 ~4'X~,?'X1.6~ _!_~_?_5~2 

2}'x1.e'xl9' 14+299 

6 ~L~f _.~};~x_; 4; _ 1~~26,1 

7 j 16·x16'x1~'-i14+34.3 

!',_ - 1)'~1~6'x_1 ~~- ~(4+3~7: 

g 1 · i•~x_is·x 23" l '•+ 52 • 
1() 1.9'x16'X 12' 14+68 I 

11 _ fo'x19'x3o' 14+i15 

-;2 I 24·X2.6')( 1.1' r l4+7o I 

13 I __ 31·~2 a·x.13' l ~4+~_46 

14 I 46'X33'X40' I 14+48 2 

11+i13-T969 7 

11+593 1_!7:1~4 

11+s30 I 9762 

11+487-T9793 J14+3-34111+582 

11+406 f 9e35 I 14+5s.o I 11+231 

11+3fo 19s-35 

11+33.I [ 98~ ! 

11+s21_j~~2_~-=­

·11+i5-3 f9i6:i 

-- _L_o5_'!"_­

Losi 

971 5 520'-13'f-:o10.I' -7 8' 
L05T 11 

96. 5 /.5 ..... ~.33 •. ,5 a·I 
LOS_T -

LCST 

LOST- -

. -L-cisT ---

11+149 I 9759 r i4-t-s-1 o 111+5, 2 r 9633 ls144-39'E" 375' 1-12.6' 

1\t1i i' -f 976 7 J 14+86.6 ! 11+386 j 962 3 IS31'-51'E.,,3t.2' f-i44•I 

11t-os3 J9s23 ! 14+679 [ 11+s02 I 9~<)3 ls3£67'E,,soo'1-22d 

11+12 3 I 985 3 LOST 

MOVEMENT OF ROCKS 
IN RIVER STUDY 

EAST BANK 

, NO SIZE • ! ORIG.::ICJRECDV. £.LJB~MARKS 

F 5_':_X38'..X24 98_~_--.·_· 

1
, ~0 C_H.AN$~ IN I,,~ O~EL 

I 24'X2.2·x Io· 9852 . " 1 
2 16 )(14')(07 982:6 - ,; -

1 2 7'•)("1 7): I I' 98-6 5 - " -- - _ 
4 2e·x13·xc9· 9813 " 

-5 2-0'x15'x06 - · 9805 - - - -- - -

j 
0'4' a.cP -~ 

t' ,j> ,-P ... ...,350...00· ·- G~.{~~~::~, 
\4 t-s ,· "----toi -"""--..._,_ A 32+6415 
. , 6 •· • ci F 1 B 8 + 51 48 .,. 
~ ~ ---

NQ SIZE ORIG. f_L RECOV EL. [ REMARKS 

ti ~1.,~t--tii_(··=-t-~--~--t"~o"""'"" 
'fi~~~f-~= tt,~-~--=r-~~i0~F- ~ 

8 

l . 
...,1750-00· 
--' 700~00' 

::ia5"-oo· 
®•1 . . I ••• • 

~~,: ~.(i,200.00· 
'Ii-.~ 
"' i G 

. , 

I 

= li4+T'Ll7 

MOVEMENT OF ROCKS 
IN RIVER STUD~ 

WEST BANK 

GROUP"Y" 

NO. j SIZE ;ORIGINAL LOCATION RE-SURVEY LOCATION :CHANGE IN P1~~ 
p. B EL. A 8 EL I POSITION !ELEV I 

-~?-~- ~874 1 15+_274_ ~10+38:o=-r7~8 +s80'l.58 Eac15.3'1-86~ 

-"-'+:.:..c=="---!-'1-._5+'-'0~7_-,_6...j.'I0".+"6"'.6"6-l-'9Cc'.3".'0"-.+·-- -r -- +-- -+-- LOST· t~ 
; ;:::!hif 1If ~i l-f }~ i Ii 

9!XIJX.Q4 ~1~+0_6JOffi47 ~•20 · _1 _L--~~-:~t] 
15+05.0 10+6LO 9.2.7 I \ LOST j 
(5+07_~ ~IO~_Q_~ -~53·9_ f -- -~ LOST -- - -

_i5_-i::-o_!Q_ ~-o·+-~L?.~- 9@ - ---- · ~- -~- __ ~ Lo-~T 

--.......jC--- 10!_6_8_? -~83 ~ --- 1 L(?S_T. 

I , 
- l --1 

GROUP "S" 

NO. I SIZE A 8 EL A 8 EL. POSITIQ!'4 E~:.., 

MOVEMENT OF ROCKS 
IN RIVER STUDY 

EAST BANK 

FIGURE 15 
REPORT HYO. 336 

-t\i"O-~--SIZE . Q_RJ_§,__~~---~R~Q9_v, ~_l -~-9.B~----' 
H 33 X 27'XI 5' 

14' X 09')(06' 
1o·xo0·xo·r' 

9753 9752 
9742 
974 3 

9740 
9753 

' 3 I 6'X I O'X0.5' 974.5 974.2 
I 4 13')( 1 0')( I 1· 974.7 9746 
~7X20'X1c· _ I 9747 -~2' . 

J :: 
~I ,Z, 

100""' 1 
~ ,;~ ·¢-c?' ~ .. 

A 30+8:.68 (/'. 't_u· t @, 
8 2 +56.76 H: e,·-<J-

C?RlGINAL POSITION 

UPPER STAFF GAUGE 

~ .,, 
f 
t .. 3aQ.. 5D 

.., ,03, ' - )' 

e3°-
0

.,· ~- ·/,~., ~.\. 
, ~ \<r-, 

0/• .. 
~ ' ~· (H)'•~t~~l}·• 

Original 1acat1on A 32+72.13 e 9t-61 35 elev 996.86 (top of gou~e) 

Present location- no change 

REFERENCES 
Moy 15.1949(originol 
5urvey) BR 184 
June 21,1949 ( re­

survey) BR 184 
MIDDLE STAFF GAUGE 

Original location A32+3649 B 9t-673J elev 98648 (top of gouge) 

Present location- no change 

LOWER STAFF GAUGE 
Original location A 31+21 55 B 9+29.74 elev 97523 (top of gauge) 
Present location A 31+2184 89+2709 elev 9600 (ground elev} 

Note This gouge was washed out by high water and the present 

location is of the footing block only 

UNITEO 5T4TES 

NOTE 
!nd1v1duol pieces of nprop were located 

and marked before high water of 1949. 

After thE! river receded 1 a re-survey of 

the marked nprop wos mode and 

movement noted 

OEPARTM[fH OF THE INTEfllDR 
81.lfl[AU OF RECLAMATION 

COLUMBIA BASIN PROJECT-WASHINGTON 
GRANO COULEE DAM 

RIVER STUDY - EAST RIVERBANK 
MOVEMENT OF RIPRAP 

Hl6H WATER- 1949 

.,. •• ,_.lll..Mc .sueM,nEDJ\';"~ 
TRACED _.M,GJ:!,_RECOMN[HD[O~ -· 
CHECKED RJi..M,_ APPflOVED--- -

NO. SIZE 

lcouLEE DAM, WASH 12-22:ist 222-p-10731 

MOVEMENT OF ROCKS 
IN RIVER STUDY 

WEST BANK 

GROUP "G" 
ORIGINAL RE-SURVEY LOCATION CHANGE IN IC~ 

A A 8 EL. POSITION ELE:v 

_Z f 3 5X60X32. 23+73•J<6+9Ml:19777 23+73.9 !16+9Q_OJ 977_S_ !NO M_()\l!'.cM_ENT ...c 

29Xl.7'X08' 23+~0-~ -t.6+?_?Xi ~?7:__I __ 23~?19 __ ~(6+9Ef3) 97~3 __ N~§~42'E,,~,-~· -0--8' 

·1 5·x2 2'xo 6· 23*-i6.I_ -{6+95.9) ·974_7_ ~3+770 "i~~-96,2) 973> ~-734-58'~~~i' -1.-~~ 

-j ·26'x1 2'X-26' 23+700 -{6+9941 9799 23+fo7 ·-(7+000) 9792 N51i27~;_-Q,9i -o-f' 

-. Lx~r·x,, · i3+65: -(~+;5~l 9•1:L 23~669 ·\6+9~3l s;,~9 .:a,~., 3• --0~ 

NOTE 
lnd1v1auat pieces of nprap were located and marked before l"ligh 

water of 1949 After the river receded, a re-survey of the marked 

riprop was made and movement noted, which is shown in the 

tabulation 

REFERENCES 
Moy 15, 1949 (original survey- Book BR 188) 

June 2!,1949 ( re-sLlrvey ) 

~ I 13'Xl.4'X04' 

ORIGINAL LOCATION RE-SURVEY LOCATION CHANGfl'""Nn 

. - -- - - ~ l 
15+457 10+149 19835 ~ - 1 l '9,.,0 i UNITED STATES 

15+434 10+13 8 j 9827 : ! 'f'-9,::. I ; DE~tRRT:A~N1~FR;~~Ai:lfri1~R o:-'x1 o·xo 4' 

! c·0·x;4'xo4· 
I 

~ ] I ::'.')(I 6'XJ8 

jj ' I 0~ "."C I I COLGM81A BASIN PROJECT-WASHINGTON 
:':·t4Z6 11+130 982 2 ~ t /(-' Vi'." GR4r-,D C:JULEE DAIii 

l '1-.._,< ~~i,0 
RIVER ;.~~i:~~l~~~11SFT .. ~~~tEtBANK 

1!:;+t.:?,3 IO+IC7 19829 ~O H1G·H WATER-1949. 

4 i 06°X09X03 : 15-t-'-43 IJ+l22 !9849 ~S 

j13'x2.o·xos'
1

15+461 10--,.10519838 I , 
L I -----~----'---- ______ _'.___ _ _L_____ _ _ _j 

Interior - Reclamation - Denver, Colo. 

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng
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